Kuzume, Koh, Kazuyo Kuzume, Zhiping Cao, Lijuan Liu, and Donna M. Van Winkle. Long-term infusion of Met 5 -enkephalin fails to protect murine hearts against ischemia-reperfusion injury. , we reported that exogenous administration of Met 5 -enkephalin (ME) for 24 h reduces infarct size after ischemia-reperfusion in rabbits. In the present study, we tested whether ME-induced cardioprotection is exhibited in murine hearts and whether chronic infusion of this peptide can render hearts tolerant to ischemia. Barbiturate-anesthetized open-chest mice (C57BL/6J) were subjected to regional myocardial ischemia-reperfusion (45 min of occlusion and 20 min of reperfusion). Mice received saline vehicle or ME for 24 h or 2 wk before undergoing regional myocardial ischemia-reperfusion or for 24 h followed by a 24-h delay before regional myocardial ischemiareperfusion. Infarct size was measured with propidium iodide and is expressed as a percentage of the area at risk. Infarcts were smaller after infusion of ME for 24 h than with vehicle control: 49.2 Ϯ 9.0% vs. 22.2 Ϯ 3.2% (P Ͻ 0.01). In contrast, administration of ME for 2 wk failed to elicit cardioprotection: 36.5 Ϯ 9.1% and 41.4 Ϯ 8.2% for control and ME, respectively (P ϭ not significant). When a 24-h delay was imposed between the end of drug treatment and the onset of the ischemic insult, cardioprotection was lost: 38.5 Ϯ 6.1% and 42.8 Ϯ 6.6% for control and ME, respectively (P ϭ not significant). Chronic sustained exogenous infusion of the endogenously produced opioid peptide ME is associated with loss of the cardioprotection that is observed with 24 h of infusion. Furthermore, in this in vivo murine model, ME failed to induce delayed tolerance to myocardial ische-
THE INFARCT-LIMITING EFFECT of transient sublethal ischemia against subsequent ischemia-reperfusion injury [ischemic preconditioning (IP)] is well known (13) . Previous studies have shown that IP can be triggered by activation of G proteincoupled receptors (GPCRs). Endogenously, activation of adenosine, bradykinin, and opioid receptors elicits IP (5) . When given exogenously, agonists of these receptors reduce infarct size in a manner equipotent with IP [pharmacological preconditioning (PP)]. Opioid peptides are manufactured locally by the heart and produced systemically in response to stress. We previously reported that the opioid peptides Met 5 -enkephalin (ME) and dynorphin A protect isolated rabbit cardiomyocytes against simulated ischemia (16) . Subsequently, we reported that 24 h, but not 10 min, of ME infusion protects in situ rabbit hearts from ischemic injury (10) . Because ME is a pentapeptide with a very short biological half-life, the lack of protection with 10 min of infusion was likely due to delivery of ME to cardiomyocytes that was insufficient to trigger protection. Although 24 h of infusion of ME did elicit protection, it was unclear whether protection was acute or delayed. To determine the nature of the protection conferred by 24 h of ME infusion and to ascertain whether this protection can be maintained via chronic opioid treatment, we investigated whether 1) interposing a 24-h delay between the end of the 24-h ME infusion and the onset of myocardial ischemia altered the ME-induced protection and 2) extending the ME infusion to 2 wk resulted in cardioprotection. Experiments were conducted in anesthetized open-chest mice subjected to regional myocardial ischemia-reperfusion.
METHODS
Animals were allowed access to food and water ad libitum until induction of anesthesia. All procedures were approved by the local Institutional Animal Care and Use Committee, and all animals received humane treatment in compliance with the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Research, National Research Council, National Academy Press, 1996) .
Surgical Preparation
Male C57BL/6 mice (24.0 -31.2 g body wt) were anesthetized with thiobutabarbital (90 g/g ip; Inactin, Research Biochemicals International, Natick, MA), and anesthesia was maintained with one intraperitoneal supplement if needed. After induction of anesthesia, the mice were placed in a supine position, a tracheostomy was performed, and the mice were mechanically ventilated at 120 breaths/min with a tidal volume of ϳ0.5 ml. Core body temperature was measured via a rectal temperature probe and maintained at ϳ37°C with a miniature heating blanket. The ECG was monitored continuously throughout the surgery and experimental protocol. A 1.4-Fr transducer-tipped catheter (model SPR-671, Millar Instruments, Houston, TX) was inserted through the right carotid artery to the aortic arch to record blood pressure. The right jugular vein was cannulated with a PE-10 catheter for intravenous access. With the aid of a dissecting microscope, a left thoracotomy was performed in the fourth intercostal space. A small opening was made in the pericardium, and a 7-0 silk suture on a curved taper needle was passed under the proximal left anterior descending coronary artery, and both ends of the suture were passed through a segment of PE-10 tubing to form a snare.
Induction of ischemia. Mice were subjected to 45 min of regional myocardial ischemia followed by 20 min of reperfusion. Ischemia was confirmed by cyanosis, regional akinesis, and ECG changes. At the end of the ischemic period, the snare was released, and reperfusion was confirmed by hyperemia.
Measurement of Risk and Infarct Sizes
At 5 min of reperfusion, propidium iodide (PI, 10 mg/kg; Sigma Chemical, St. Louis, MO) was administered via a jugular catheter (8, 11, 18, 19) . After 15 min, the coronary snare was retightened, and ZnCd particles (Duke Scientific, Palo Alto, CA) were infused intraarterially to delineate the ischemic zone. The heart was then excised and weighed. PI is membrane impermeant and, thus, is excluded from viable cells; however, in nonviable cells with membrane failure (an early event after irreversible injury), this red-fluorescent dye binds to DNA by intercalating between bases. Because PI does not depend on washout of enzymes and cofactors (as does the triphenyltetrazolium chloride staining method of infarct assessment), sustained reperfusion after myocardial ischemia is not necessary to demonstrate infarction. The ZnCd particles fluoresce bright green under ultraviolet light and delineate the area at risk as a negative image. Hearts were sliced perpendicularly to the long axis of the heart into 1-mm-thick slices with the aid of a mouse brain matrix (Vibratome, St. Louis, MO). Slices were then placed between two glass slides that were separated by 0.67 mm with four cover-glass shims. Heart slices and a calibration square were then photographed under a mercury arc lamp (UVGL model 58, UVP, Upland, CA) using a digital camera (model DC290, Kodak). Tissue that showed the bright-red fluorescence of the PI was presumed infarcted. The digital image was imported into a computer, and infarct and risk areas were measured using Adobe Photoshop (version 6.0, Adobe Systems, San Jose, CA). Total biventricular area was traced with an interactive liquid crystal display monitor (Cintiq 15X LCD, Wacom Technology, Vancouver, WA), and the risk zone was quantified by subtracting the green-fluorescing area (ZnCd) from the total biventricular area. The pixel number of this area was calculated and translated to cubic millimeters using the calibration square (5 ϫ 5 mm). Red-fluorescing areas (infarcted tissue) were delineated in the same way. The resultant areas were multiplied by slice thickness (0.67 mm) to calculate volume. All risk and infarct measurements were performed by one person in a blinded fashion.
Experimental Protocols
ME and saline vehicle were delivered by subcutaneously implanted osmotic minipumps (Alzet, Cupertino, CA). Three separate experimental series were conducted. Protocol 1. To determine whether exogenous delivery of ME reduces infarct size in mice [as was previously reported for rabbits (10) ], animals received a 24-h infusion of ME (0.125 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 , 1 l/h) immediately followed by regional myocardial ischemia-reperfusion. The infusion pump was removed just after the onset of ischemia to ensure cessation of ME delivery. Experimental groups were designated SAL24 (saline vehicle) and ME24 (24 h of ME).
Protocol 2.
To determine whether chronic extension of the ME infusion is associated with continued cardioprotection, animals were given ME for 2 wk (0.125 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 , 0.5 l/h) and immediately subjected to regional myocardial ischemia-reperfusion. These groups were designated SAL2 and ME2.
Protocol 3. To determine whether ME can elicit delayed cardioprotection, a 24-h period was interposed between the end of a 24-h ME infusion (0.125 mg ⅐ kg Ϫ1 ⅐ h Ϫ1 , 1 l/h) and the onset of myocardial ischemia. The experimental groups were designated SAL24/24 and ME24/24.
Assessment of Myocardial Opioid Receptors
To determine whether the loss of protection with sustained ME infusion is a result of decreased opioid receptor levels, ␦and -opioid receptor proteins were measured by Western blot. Animals received saline vehicle or ME for 24 h or 2 wk (SAL24-WB, ME24-WB, SAL2-WB, and ME2-WB, respectively). Under pentobarbital sodium anesthesia (90 g/g), hearts were excised and immediately placed in liquid nitrogen. Samples were kept at Ϫ80°C until analysis. Left ventricular (LV) tissue was lysed in SDS sample buffer (Bio-Rad) using a Polytron. Lysates were boiled for 5 min, centrifuged for 5 min at 12,000 g, and stored at Ϫ80°C. LV proteins (6 g/lane) in SDS sample buffer were separated on 4 -20% SDS-polyacrylamide gels in a minigel apparatus (Mini-PROTEAN 3, Bio-Rad) and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% nonfat dry milk in TBST (10 mM Tris, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) for 30 min at room temperature and incubated overnight at 4°C with primary antibodies (1:4,000 dilution in 5% dry milk). The antigens were detected by the luminescence method (ECL-plus Western blotting detection kit, Amersham) with peroxidase-linked anti-rabbit (1:1,000 dilution in 5% dry milk; Cell Signaling Technology, Beverly, MA). The intensity of the immuoblot bands was assessed with the Kodak 1D Image Analysis System (EDAS 290). Data are expressed as percent change of control values.
cAMP Assay
To determine whether sustained ME treatment results in desensitization of opioid receptors, we examined production of cAMP in the absence and presence of the adenylate cyclase activator forskolin in saline-and ME-treated hearts. Stimulation of opioid receptors has been previously reported to decrease cAMP levels in the heart (14) . Mice were anesthetized with pentobarbital sodium (50 mg/kg ip), and the hearts were rapidly excised and mounted on a nonrecirculating Langendorff apparatus. Hearts were perfused at 37°C for 15 Values are means Ϯ SE in beats/min. Sal24, 24-h infusion of saline; ME24, 24-h infusion of Met 5 enkephalin (ME); Sal2, 2-wk infusion of saline; ME2, 2-wk infusion of ME; Sal24/24, 24-h washout after saline infusion; ME24/24, 24-h washout after ME infusion. the cardiac ventricles were frozen in liquid nitrogen and stored at Ϫ80°C until they were assayed. The cAMP assay was performed with the cAMP Biotrak Enzyme Immunoassay System (Amersham) following the manufacturer's instructions. An absorbance microplate reader (Molecular Devices, Sunnyvale, CA) was used to read the results at 450 nm. A standard curve (7 points between 2 and 128 fmol/well) was fit to the data using nonlinear regression (Graphpad Prism, Graphpad Software, San Diego, CA), and the cAMP concentrations in the unknown samples were computed by reference to the standard curve. Data are reported as picomoles per milligram protein.
Data Analysis
Data analysis was performed with a personal computer statistical software package (Prism 4.0, GraphPad Software). The primary dependent variable analyzed to assess presence or absence of cardioprotection was infarct size. Because the amount of LV myocardium that progresses to infarction depends on the size of the risk zone, infarct size was normalized as a percentage of the risk zone. Infarct size (expressed as a percentage of the area at risk) and the size of the area at risk were analyzed between groups using the Mann-Whitney test (variances were not equal between groups). Because infarct size varies as a function of risk and this relation may have a nonzero x-intercept, infarct data were also analyzed using other techniques. Differences in infarct volume (mm 3 ) between groups were assessed using analysis of covariance (ANCOVA) with risk volume (mm 3 ) as the covariate. Additionally, linear regression was performed for pooled area at risk and infarct data of each series, and then the vertical difference of the individual data points from the common regression line (residuals) was calculated. The means of these differences were compared by unpaired t-test. Hemodynamic valuables in the time course between groups were evaluated by two-way ANOVA. Each time point within a group was analyzed by one-way ANOVA with Dunnett's test, in which each time point is compared with the baseline value. Opioid receptor levels were normalized as a percentage of results from saline-treated animals and compared using the Mann-Whitney test. Values are means Ϯ SE, and statistical significance is assumed for P Ͻ 0.05.
RESULTS

Hemodynamic Data
Hemodynamic data are shown in Tables 1 and 2 . Two-way ANOVA showed no interaction between the treatment and the time course in heart rate and mean arterial pressure in any protocol.
Infarct Size
Body weight, biventricular heart weight, area at risk (mm 3 ), and risk size as a percentage of biventricular heart weight are shown in Table 3 . There were no significant differences in these parameters between the groups in each protocol. Protocol 1. ME infusion for 24 h decreased infarct size 55%: 49.2 Ϯ 9.0% and 22.2 Ϯ 3.2% for SAL24 and ME24, respectively (P Ͻ 0.01). When risk volume (mm 3 ) was assessed as a covariate of infarct volume, infarct size was significantly smaller in the ME24 than in the SAL24 group (P Ͻ 0.05 by Fig. 1 . Administration of Met 5 -enkephalin (ME) to mice for 24 h limits myocardial infarct size after acute coronary occlusionreperfusion. Top: risk zone (area at risk, left) and infarct size (expressed as percentage of area at risk, right) for hearts treated for 24 h with saline (Sal) and ME. Values are means Ϯ SE. NS, not significant. Bottom left: infarct volume plotted as a function of risk volume graphically demonstrates respective contributions of area at risk and treatment on infarct size. Each symbol represents 1 heart, and lines indicate linear regression relation for data of each individual group. Bottom right: residuals of individual groups from pooled regression line. Vertical difference of individual data points from the common regression line (residuals) was calculated separately for each group. ANOVA of these residuals clearly indicates that 24 h of treatment with ME limits myocardial infarct size. ANCOVA, analysis of covariance. ANCOVA). Residuals from SAL24 hearts fell mainly above the pooled regression line, and those from ME24 hearts fell below the line; t-test of these residuals showed a significant difference (5.6 Ϯ 4.0 and Ϫ5.6 Ϯ 1.7 for SAL24 and ME24, respectively, P Ͻ 0.05 by unpaired Student's t-test), indicating that infarct size was significantly smaller in the ME24 than in the SAL24 group (Fig. 1) .
Protocol 2. When the infusion of ME was sustained for 2 wk, infarct limitation was lost: 41.9 Ϯ 3.7% and 44.5 Ϯ 3.4% for SAL2 and ME2, respectively [P ϭ not significant (NS)]. Fig. 2 . ME administered to mice for 2 wk fails to limit myocardial infarct size after acute coronary occlusion-reperfusion. Top: risk zone size (left) and infarct size (expressed as percentage of area at risk) for hearts treated for 2 wk with saline (Sal 2w) and ME (ME 2w). Values are means Ϯ SE. Bottom left: infarct volume plotted as a function of risk volume. Each symbol represents 1 heart, and lines indicate linear regression relation for data of each individual group. Bottom right: plot of residuals of individual groups from pooled regression line. Vertical difference of individual data points from the common regression line (residuals) was calculated separately for each group. ANOVA of these residuals clearly indicates that 2 wk of treatment with ME have no effect on myocardial infarct size. Fig. 3 . ME administration for 24 h followed by a 24-h drug-free interval does not protect against ischemic injury. Top: risk zone size (left) and infarct size (right, expressed as percentage of area at risk) for saline (Sal wo) and 24 h of ME ϩ 24 h of washout (ME wo). Values are means Ϯ SE. Bottom left: infarct volume plotted as a function of risk volume. Each symbol represents 1 heart, and lines indicate linear regression relation for data of each individual group. Bottom right: plot of residuals of individual groups from pooled regression line. Vertical difference of individual data points from the common regression line (residuals) was calculated separately for each group. ANOVA of these residuals shows that 24 h of ME followed by a 24-h washout period does not limit myocardial infarct size.
Infarct size analyses using ANCOVA and t-test of the residuals from the pooled regression line (Ϫ0.3 Ϯ 3.9 and 0.3 Ϯ 3.9 for SAL2 and ME2, respectively, P ϭ NS) also failed to demonstrate significant cardioprotection (Fig. 2) .
Protocol 3. Introduction of a 24-h delay between cessation of the 24-h ME infusion and the onset of myocardial ischemia also resulted in loss of cardioprotection: 38.5 Ϯ 6.1% and 42.8 Ϯ 6.6% for SAL24/24 and ME24/24, respectively (P ϭ NS). Similarly, infarct volume analyzed with risk as a covariate was not significantly different between groups (P ϭ NS by ANCOVA), nor were the residuals from the pooled regression line: Ϫ0.5 Ϯ 2.3 and 0.4 Ϯ 2.7 for SAL24/24 and ME24/24, respectively (P ϭ NS; Fig. 3 ).
Western Blot of Cardiac Opioid Receptors
There was a trend for ␦-opioid receptor levels to be lower after 2 wk than after 24 h of ME treatment, but this did not achieve statistical significance: 1.10 Ϯ 0.15 and 0.89 Ϯ 0.03 for 24 h and 2 wk, respectively (P ϭ 0.26 by t-test with Welch's correction for unequal variances). There were no differences in levels of -opioid receptors by treatment duration: 1.05 Ϯ 0.05 and 0.99 Ϯ 0.06 for 24 h and 2 wk, respectively (P ϭ NS by t-test; Fig. 4 ).
cAMP Production
Basal cAMP levels were reduced ϳ60% in hearts treated with ME for 24 h compared with saline-treated hearts (1.53 Ϯ 0.13 vs. 0.64 Ϯ 0.07 pmol/mg, P Ͻ 0.01) but were unchanged in hearts treated for 2 wk with ME (1.44 Ϯ 0.05 vs. 1.18 Ϯ 0.11 pmol/mg, P ϭ NS). Forskolin augmented cAMP production in hearts treated for 24 h and 2 wk with saline (from 1.53 Ϯ 0.13 to 2.41 Ϯ 0.20 pmol/mg, P Ͻ 0.01, and from 1.44 Ϯ 0.05 to 2.62 Ϯ 0.22 pmol/mg, P Ͻ 0.001, respectively; Fig. 5 ). In hearts treated with ME for 2 wk, administration of forskolin elicited an increase in cAMP production similar to that in saline-treated hearts: 2.43 Ϯ 0.17 vs. 2.62 Ϯ 0.22 pmol/mg, respectively (P ϭ NS). However, in hearts treated with ME for 24 h, administration of forskolin did not result in augmented cAMP levels: 1.71 Ϯ 0.09 and 2.41 Ϯ 0.20 pmol/mg for ME ϩ forskolin and saline ϩ forskolin, respectively (P Ͻ 0.05).
DISCUSSION
The principal findings of this study are as follows: 1) chronic exogenous infusion of ME for 2 wk fails to reduce infarct size, and 2) ME does not elicit delayed cardioprotection after a 24-h infusion of peptide.
In 1995, Shultz et al. (15) demonstrated that infarct limitation due to IP is blocked by the nonselective opioid antagonist naloxone in rats; subsequently, we showed that this effect of naloxone is stereoselective (i.e., opioid receptor mediated) and occurs locally in the heart (3) . These observations suggest that the cardiac endogenous opioid system plays a crucial role in the infarct limitation of IP. PP with opioid agonists has also been demonstrated: the nonselective opioid agonist morphine mimics the cardioprotection of IP (12) , and the narcotic anesthetic fentanyl has also been shown to limit infarct size (9) . Studies using synthetic selective opioid receptor agonists or antagonists have identified the ␦-opioid receptor as the primary opioid receptor subtype responsible for infarct limitation (6) . However, -opioid receptor stimulation has also been reported to be cardioprotective, through infarct limitation and a reduction of malignant arrhythmias (20) . Fig. 4 . Opioid receptor levels are not greatly altered after 24 h and 2 wk of treatment with ME. Left: data for -opioid receptors (KOR). Right: data for ␦-opioid receptors (DOR). Each symbol represents 1 sample, which comprised 2 pooled hearts. Solid horizontal line, group mean. Fig. 5 . ME treatment for 24 h, but not 2 wk, alters tissue cAMP levels. cAMP levels were measured in hearts at baseline and after challenge with the adenylate cyclase activator forskolin. Basal cAMP levels were reduced in hearts treated for 24 h with ME compared with those treated with saline. Forskolin augmented cAMP production in saline-treated hearts and in hearts treated with ME for 2 wk, but not for 24 h. Values are means Ϯ SE.
Studies of PP with endogenous opioid peptides are few, probably because it is difficult to achieve a cardioprotective concentration of these peptides at cardiomyocytes because of their short half-lives. We previously reported that ME, Leu 5enkephalin, and Met 5 -enkephalin-Arg 6 -Phe 7 protect isolated adult rabbit cardiomyocytes against simulated ischemia (16) , as does dynorphin B (2) . In vivo, we found that 24 h of ME infusion immediately before the onset of ischemia-reperfusion (i.e., there was no drug-free period before coronary ligation) limits infarct size in rabbits. The present study corroborates the rabbit data in an in vivo murine model, demonstrating robust infarct limitation with 24 h of ME infusion. The dose of ME was 0.125 mg⅐kg Ϫ1 ⅐day Ϫ1 , which was the same as in the previous rabbit study; similarly, the extent of infarct limitation was comparable (55% in mice and 60% in rabbits).
Temporal extension of this opioid-induced protective state would be very desirable for clinical medicine; however, in the present study, extension of the infusion period to 2 wk was associated with loss of protection. This is reminiscent of a previous report by Hashimi et al. (7) and Tsuchida et al. (17) , who demonstrated that chronic (72 h) adenosine receptor agonist infusion immediately preceding myocardial ischemia-reperfusion resulted in tachyphylaxis and loss of cardioprotection. GPCRs typically desensitize in three general ways: transduction efficacy is reduced because of alterations that limit interaction with G proteins (receptor inactivation); they are internalized, thus eliminating access to their ligand (receptor sequestration); and they undergo lysosomal degradation subsequent to internalization (receptor downregulation) (1). The tachyphylaxis observed in the present study is likely due to receptor desensitization (inactivation or sequestration), rather than receptor downregulation, because absolute receptor levels were unchanged by chronic ME treatment (Western blot of opioid receptor protein would be expected to include an internalized receptor protein that has not yet undergone degradation). The cAMP production data at 2 wk, showing preserved forskolin-induced cAMP production and loss of ME-mediated inhibition of forskolin-induced cAMP production, suggest that opioid receptor coupling to adenylate cyclase is impaired, through receptor inactivation or internalization.
In our previous study in which ME was administered for 24 h to rabbits, there was no drug-free interval before the onset of myocardial ischemia-reperfusion (10). Therefore, it was difficult to determine whether the 24-h infusion of ME was eliciting acute or delayed cardioprotection. Delayed opioid-induced protection has been reported for a number of opioid agonists such as TAN-67, BW-373U86, and SNC-121, but in each of these instances, the drug was given as a bolus or a short infusion (6) . Dana et al. (4) showed that administration of an A 1 adenosine receptor agonist for 48 h followed by ischemia-reperfusion 48 h later results in preserved cardioprotection. However, when we interposed a 24-h drug-free interval between the end of the 24-h ME administration and the onset of ischemia-reperfusion in mice, cardioprotection was lost. The reason for the inability of 24 h of ME infusion to elicit delayed protection is not known. It is conceivable that this duration of infusion results in receptor desensitization that does not become manifest immediately. It is unlikely that the loss of ME-induced cardioprotection after the subsequent 24-h drug-free interval is due to receptor degradation, because 2 wk of treatment of ME was not associated was appreciable receptor loss. Alternatively, it is possible that ME does not elicit the production of reactive oxygen species, which are known to trigger delayed preconditioning. BW-373U86 and SNC-121 have been reported to elicit delayed preconditioning and do so via reactive oxygen species production; this protection is not sensitive to blockade of opioid receptors (6) .
In summary, we found that exogenous infusion of the endogenously produced opioid pentapeptide ME for 24 h reduces ischemia-reperfusion injury in mice in vivo when given immediately, but not 24 h, before ischemia. In addition, ME administration for 2 wk was associated with loss of the cardioprotective effect. 
